Owing to population growth, there has been high demand for food across the world, and hence, different agricultural activities such as use of phosphate fertilizers, recycling of organic matters, etc, have been deployed to increase crop yields. In Malaysia, a total of nine composite corn advance lines have been developed at the Institute of Biological Sciences, University of Malaya and are being grown under different conditions with a bid to meet the average daily human need for energy and fiber intake. To this end, the knowledge of radioactivity levels in these corn advance lines are of paramount importance for the estimation of possible radiological hazards due to its consumption. Hence, the radioactivity concentrations of 226 Ra, 228 Ra and 40 K in the corn have been determined using HPGe γ-ray spectrometry. The activity concentrations in the corn ranged from 0.05 to 19.18 Bq kg −1 for 226 Ra, from 0.10 to 3.22 Bq kg −1 for 228 Ra and from 26.4 to 129 Bq kg −1 for 40 K. In order to ascertain the radiological safety of the population regarding maize consumption, the daily intakes of these radionuclides as well as the annual effective dose were estimated. The total effective dose obtained due to the ingestion of radionuclides via maize consumption is 15.39 μSv y −1 , which is less than the international recommendations.
Introduction
Measurement of natural radionuclides in environmental materials is a matter of global concern. The sources of radioactivity in our environment are of natural, terrestrial and extra-terrestial, and anthropogenic origins (James et al 2013) . It is estimated that 87% of the radiation to which humans are exposed is from natural sources and the remaining is due to anthropogenic radiation (UNSCEAR 2008) . Due to geographical and geological factors, natural radionuclides concentrations in environmental samples can vary in some orders of magnitude (Badran et al 2003) . Among the environmental samples of interest (soil, rocks, air, water, building raw materials, foodstuffs, etc), foodstuffs seem to be the major source of radiation exposure to humans leading to internal radiation doses (UNSCEAR 1993; Gaso et al 2000) .
Naturally occurring radioelements of uranium, thorium and their progenies, and potassium enter the human body through ingestion of food already containing radionuclides transferred from soil to plant via root uptake. Although this depends on the type of soil, its chemical characteristics, physical and chemical forms of the radionuclides in the soil, radionuclide uptake by a particular plant and finally, the level of accumulation by particular foodstuffs (Samavat et al 2006) . Enhancement of the exposure may depend on the human activities in different areas where the plant is grown, such as testing of nuclear weapons, medical practices involving nuclear applications, agricultural practices, industrial productions or the release of radioactive wastes into the soil and bodies of water. Seasonal variation such as weather change also determines to a great extent the magnitude of radionuclide contamination of different foods (IAEA 1989) . Plants are susceptible to radionuclide contamination by direct contact with contaminated air or dust and most importantly, during rainy seasons. To some extent, methods of food processing and preparation could also increase radionuclide content in foods that we consume (Jibiri et al 2007b) . Chemical and fertilizer applications, as well as recycling of organic matters are envisaged for mass production of crops, and may increase the uptake of radionuclides from the soil. It is estimated that the use of phosphate fertilizer has at least doubled the prolonged exposure of humans from ingestion of food (ICRP 1999) .
In recent years, several studies have investigated the levels of naturally occurring radionuclides present in different cereal grains, namely wheat, rice, barley, sorghum, oats, rye, millet, etc, and the associated health effects globally (Samavat et al 2006; Khan et al 2010; Shanthi et al 2010; Martinez et al 2014; Badran et al 2003; Saleh et al 2007; Santos et al 2002) , but studies on maize have only been carried out in a few countries. Studies of activity concentrations in maize around heavy mining activities (uranium, tin) are reported in China (Chen et al 2005) and Nigeria (Arogunjo et al 2009) ; around nuclear power plants in India (Mahiban et al 2013) ; within a high background radioactivity area in Penambuco (Amaral et al 2005) and from different agricultural lands in Turkey (Bolca et al 2007) , Nigeria (Jibiri et al 2007b) , Brazil (Scheibel et al 2006 and Scheibel and Appoloni 2013) and India (Jha et al 2012) . Other studies were also conducted on Ghanaian common maize to ascertain the level of radionuclide contents and possible radiation threats due to maize consumption (Acquah and Pokoo-Aikins 2013) .
This study aims to investigate the level of naturallyoccurring radionuclides present in newly developed composite corn advance lines at the Institute of Biological Sciences, University of Malaya, Malaysia. This corn is already being grown and harvested for the third cycle, and high yields are meeting the demand for corn and its derived products, which is high due to the recommended daily dietary fiber intake of between 20 and 30 g for most humans (NCCFN 1999) . Furthermore, maize is an integral part of the cereals that account for a staple source of energy (more than 56%) and protein (about 50%) worldwide (FAO 2002; Cordain 1999) . Malaysia, a country of about 21 million adults (15 years and above) (Index Mundi 2014), has for years depended on imported cereals including maize, which is imported mainly from Japan. Hence, the concentrations of 226 Ra, 228 Ra and 40 K in the newly developed composite corn lines are hereby determined for the purpose of consumer radiological health safety, with the intention to avoid exposure to natural radiation above the limiting index. Meanwhile, 40 K concentrations are taken in this study to compare activity levels not for dose purposes as it is well known that potassium as an essential element is strictly under homeostatic regulation in the body and not influenced by variations in environmental levels, and hence, doses from 40 K within the body is constant. It is important to remember that the analyzed maize samples are different from the maize available in the market. They are a cross product of Mexican and Nigerian origin, and found at a higher yield than the average production level. Maize is a major component of cereal production and is widely consumed by Malaysian citizens, especially the adult population. It is therefore important to have accurate knowledge of natural radionuclides in this variety since distribution of natural radioactivity is completely heterogeneous with respect to various regions of the world. Additionally, since our target was to get a high yield, this work provides information on how production activities affect the transfer of radionuclides from soil to crop. Hence, the study is expected to generate baseline information which will be helpful for future epistemological studies on maize consumption in the country, as such a study has not been conducted before. An estimation of the annual effective dose from the ingestion of this corn was made and the results compared with those of other countries and international recommendations.
Materials and methods

Sample collection and preparation
For this study, a total of nine corn samples were collected from the Institute of Biological Sciences (ISB), University of Malaya, Malaysia. These corn lines were developed through the hybridization of yellow colored sweet corn and white colored field corn. Parental field corn was collected from the International Maize and Wheat Improvement Centre (CIM-MYT, Mexico) and parental sweet corn was collected from the International Institute of Tropical Agriculture (IITA, Nigeria). The collected samples, which were already dried, were then milled and sieved to obtain a fine homogenized powder (flour) at the Applied Radiation Laboratory, University of Malaya, Malaysia. The prepared samples were weighed and packed into 500 ml sizes Marinelli beakers and hermetically sealed to avoid contamination. Nine samples were prepared with masses from 200 to 383 g. Samples are then stored for at least four weeks in a shielded area prior to analysis to ensure attainment of secular equilibrium between the parent nuclides and their respective short-lived progenies, which were used for activity determination.
Gamma-ray spectrometry
All the samples were analyzed using γ-ray spectrometry by means of an n-type coaxial HPGe detector having 28.2% relative efficiency to a NaI (Tl) detector and an energy resolution of 1.67 k eV-FWHM at the 1332.5 k eV peak of 60 Co coupled to a desktop computer based multi-channel analyzer card system for data acquisition. The emitted γ-rays from the samples were analyzed using Gamma Vision Software 5.0 (EG&G Ortec). A cylindrical lead shielding arrangement (consisting of 10 cm thick lead internally lined with cadmium-copper coating) having a fixed bottom and a movable cover surrounds the detector to reduce the external γ-ray background in the measured spectrum. The detector system was calibrated for energy in the range 50-2000 keV using the same multi-nuclide γ-ray sources used for efficiency calibration (see below) to ensure that a relationship exists between the peak position in the spectrum and the corresponding γ-ray energy. In addition, the energy calibration of the detector system was regularly repeated at an interval where a significant shift in the energy is noticed (Xhixha et al 2013 Co emitting γ-rays with energy ranging between 59.541 and 1836.063 keV (having homogeneously distributed activity with the same volume and shape as the Marinelli beakers containing the investigated samples, so that the detection geometry remained the same) was used for detector energy calibration and absolute photopeak efficiency evaluation. The measured detection efficiencies used for activity determination of the samples were fitted with a polynomial fitting function obtained from the calibrated curve as described in Khandaker et al (2013) .
Each sample was then placed on the detector and counted for a period of approximately 24 h (86 400 s) for maximum detection and data. The background spectra for the same counting period were collected every week of the counting and the background counts were subtracted from the region of interest (Debertin and Helmer 1988) .
Determination of activity concentration
The activity concentration of radionuclides, expressed as Bq kg −1 in the maize samples was calculated using a relation given as :
where N = net counts under the corresponding photo-peak, ε = detection efficiency corresponding to a specific γ-ray, I γ = absolute transition probability of the specific γ-ray, M s = mass of the sample in gram and T = counting time in seconds. The individual gamma-ray energy and decay information used for the activity determination of 226 Ra, 228 Ra and 40 K is shown in table 1. In these measurements, a weighted mean analysis was employed to obtain the final activity concentration through combining the different values obtained for the individual gamma-ray energy values. This is considered to reduce the uncertainty of the derived values compared to the use of a single transition (Malain et al 2012) . To estimate the uncertainty in each sample activity, the independent uncertainties were added in quadrature to obtain the combined uncertainty in the activity measurements . The independent uncertainties are statistical uncertainty of the gamma-ray counting (0.5%-10%), uncertainties in the efficiency calibration of the detector (∼4%), uncertainties in dry sample weight (∼2%) and uncertainty in gamma-ray intensity (∼1%). Assessed radioactivities together with uncertainties are presented in table 2.
In this measurement, the minimum detectable activity (MDA) for the gamma-ray measurement system was calculated at a 95% confidence level following procedures laid out by Xhixha et al (2013) as shown below: Tl and 40 K respectively) was considered below detection limit (BDL).
Daily intake of radioactivity via corn consumption
The per capita daily intake of radionuclides from corn consumption was estimated using the average consumption rate of corn per year. No data was available on consumption of corn in Malaysia at the time of this study the average corn consumption rate (7.8 kg/capita/yr) used in this study was taken from the database of the Food and Agricultural Organization (FAO 2014) . The daily intake is calculated using the relation given below:
int d
where D int is the daily intake of radionuclide activity via corn consumption, C is the activity concentration of the radionuclide, MAC is the mean annual consumption of corn for Malaysia which is 7.8 kg/capita/yr, and Y d represents the days in a year, i.e. 365.
Effective dose due to ingestion
The annual effective dose (μSv y −1 ) from the ingestion of radionuclides present in the corn samples was estimated using the mean activity concentrations and the mean annual consumption rate (FAO 2014 (4) where DCF is the dose conversion factor for adults taken from the ICRP (2012), and which are 2.8 × 10 −4 mSv Bq −1 , 6.9 × 10 −4 mSv Bq −1 and 6.2 × 10 −6 mSv Bq −1 for 226 Ra, 228 Ra and 40 K, respectively; C is the activity concentration; and Ir represents radionuclide intake per year equivalent to the mean annual consumption rate of 7.8 kg/capita.
Results and discussion
Concentrations of natural radionuclides in newly developed composite corn advance lines in Malaysia and the estimated annual effective dose due to ingestion of these corn lines are presented in table 2. Table 3 shows a comparison of the activities of these radionuclides with available data from other countries. (Acquah and Pokoo-Aikins 2013) and in Nigerian maize (Tchokossa et al 2013) . The primary source of naturally occurring radionuclides in food is the soil where it is planted; the potassium content of the environment in question ranged from 97 to 1772 Bq kg −1 (Almayahi et al 2012) so this could be one factor responsible for the relatively high concentration of 40 K as obtained especially in sample 3. Apart from this, the relatively high activity of 40 K could also be traceable to the present conditions under which the maize is grown, e.g. whether the maize has been treated with phosphate fertilizers. The application of fertilizers on farmlands generally increases the amount of potassium in the soil (Pasquini and Alexander 2005), its uptake and retention in food crops and hence, result in a relatively high percentage of 40 K. On the other hand, the activity concentration obtained is considerably lower than the reported activity of 40 K (243.2 Bq kg −1 ) in maize from Jos-Plateau, an area of high radioactivity due to mining activities (Jibiri et al 2007a and 2007b) with the mean activity being 3.88 Bq kg −1 . This mean value of 226 Ra is somewhat in accordance with the literature value in corn (grain) from Ghana (Awudu et al 2012) , and the lower value is similar to the mean value obtained from phosphate region of Pernambuco located in northeastern Brazil (Amaral et al 2005) . The mean value of 3.88 Bq kg −1 shows a relatively higher result than the values obtained in corn flour in Brazil (Scheibel et al 2006; Santos et al 2002) , in corn from a contaminated vegetable garden in Ontario, Canada (Tracy et al 1983) , in the diet of Americans (Fisenne and Keller 1969) and in Indian corn flour (Mahiban et al 2013) . There is a significantly higher activity of 226 Ra reported for Nigerian maize grown in the tin mining area of Bitsichi, Jos (Jibiri et al 2007a) and in Turkish maize (Bolca et al 2007) than in this study. The low activity of 226 Ra obtained may be attributed to the poor migration of radium from soil to plant, or a low level of radium or uranium in the soil. Furthermore, there is no previous record of mining activities in or around the land used to grow this corn. 228 Ra shows very low concentrations ranging from 0.10 to 3.22 Bq kg −1 with a mean of 0.79 Bq kg −1 . This mean activity of 228 Ra is higher than the references from Brazil (Scheibel and Appoloni 2013; Santos et al 2002) but lower than the reference from Ghana (Awudu et al 2012) . The low concentration level of 228 Ra (an indicator for 232 Th) in this corn may be due to a poor migration of radium from substrate to plant in the environment where the corn is grown (Awudu et al 2012) .
As presented, the daily intakes of 226 Ra, 228 Ra and 40 K are 82.92, 16.88 and 1179 .2 mBq, respectively. The intake of 40 K is the highest with an annual value of 431 Bq, which does not cause any concern from the health physics point of view. This is because potassium is an essential element in the body and it is homeostatically controlled by the human metabolism, and as a result, the body content of 40 K is largely determined by physiological characteristics and not intake. However, the annual intakes of 226 Ra (30. Ra were present in nominal concentrations. However, the activities of all the radionuclides are somewhat insignificant compared to the recommended limits by international organizations. Meanwhile, the derived annual dose of the radionuclides via the consumption of the studied maize shows an order of 226 Ra > 228 Ra > 40 K. The total effective dose is estimated as 15.39 μSv y −1 , which is very low compared to most of the reported data in the literature and is also lower than the international recommendations. This number suggests that there are no potential health hazards or risks via consumption of these newly developed composite corn advance lines. It can be concluded henceforth that even though consumption of corn does not pose significant risk, the obtained results may be helpful to address the health impacts of corn consumption on the population of Malaysia, as well as to prevent environmental contamination.
